ABSTRACT
INTRODUCTION
Matrix metalloproteinases (MMPs) are zinc-and calcium-dependent enzymes that collectively degrade the proteinaceous components of the extracellular matrix (ECM) [1] . MMPs are typically secreted as zymogens and can bind tissue inhibitors of metalloproteinases (TIMPs) in a 1:1 stoichiometric ratio. Currently, there are over 22 members of the MMP family, and they have been subdivided into the following categories based upon substrate specificity: collagenases, gelatinases, stromelysins, and membrane type MMPs (mt-MMPs) [2] . Overexpression of MMPs can cause cells to exit the cell cycle [3] , dedifferentiate, and undergo apoptosis, ultimately resulting in glandular involution [4] [5] [6] .
In domestic ruminants luteolysis is dependent upon uterine secretion of prostaglandin F 2␣ (PGF 2␣ ) [7] and is marked by loss of cell adhesion to ECM [8, 9] , loss of capacity to synthesize progesterone [10] , and apoptosis [11] . Ovine large luteal cells (LLCs) are the luteal cell type that possess receptors for and respond to PGF 2␣ [12] . LLCs also are surrounded by a distinct basal lamina [13] and produce TIMP-1, -2, and -3 and plasminogen activator inhibitor 1 [14] [15] [16] [17] . MMP-1, -2, -3, and -9 also have been localized to LLCs [17] , and increased levels of active gelatinases were observed during prolactin-induced luteolysis in rats [18] . We hypothesized that PGF 2␣ -induced luteolysis increases MMP expression and activity in ovine corpora lutea. The objectives of these experiments were to determine whether PGF 2␣ administration 1) induced a change in expression of mRNA encoding fibrillar collagenases (MMP-1 and -13), gelatinases A and B (MMP-2 and -9), mt-MMP 1 (MMP-14), stromelysin (MMP-3), and matrilysin (MMP-7), and 2) increased MMP activity in ovine corpora lutea.
MATERIALS AND METHODS

Materials
Reagents used in these experiments included the following: T4 DNA ligase, restriction endonucleases, JM109 Escherichia coli strain (Promega Corp., Madison, WI); a sequenase version 2.0 DNA sequencing kit (U.S. Biochemical, Cleveland, OH); [␣-32 P]dATP (3000 Ci/mmol; Dupont/NEN, Wilmington, DE); nitrocellulose (Nitropure) transfer membranes (micron Separations Inc., Westboro, MA); nylon (Brightstar) transfer membranes and Northern Max kit (Ambion, Austin, TX); XAR-5 and XRP film (Eastman Kodak, Rochester, NY); pGEM EZ vector and sequencing oligonucleotides (Pharmacia Biotech, Piscataway, NJ); P.F.U. polymerase (Stratagene, La Jolla, CA); PGF 2␣ (Lutalyse; Upjohn Co., Kalamazoo, MI); Luria Broth (Difco Laboratories, Detroit, MI); synthetic oligonucleotides (Gibco/BRL, Gaithersburg, MD); EnzChek Gelatinase/Collagenase Assay Kit (Molecular Probes, Eugene, OR); and Vector Elite ABC reagent peroxidase kit and normal mouse and rabbit IgGs (Vector Laboratories, Burlingame, CA). All other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise noted.
Animal Care
All procedures described where animals were used were approved by the University of Missouri-Columbia Animal Care and Use Committee (protocol no. 3185). Mixed-breed ewes were placed with vasectomized rams and observed for estrous behavior twice daily. The first day of estrus was denoted as Day 0.
Collection of Corpora Lutea
Corpora lutea (CL) were obtained from ewes (n ϭ 3-10/time point) on Day 10 postestrus at 0, 15, and 30 min and 1, 2, 4, 6, 12, 24, or 48 h after a single i.m. injection of 15 mg PGF 2␣ . Ovaries containing CL were sliced into 4-mm sections for in situ zymography. The remaining luteal tissue was removed from the ovary, quartered, snap frozen in liquid nitrogen, and stored at Ϫ80ЊC until RNA or protein analysis.
Luteal Homogenates
The CL (100 mg/ml) were homogenized [19] in 10 mM CaCl 2 with 0.25% (v/v) Triton X-100 and centrifuged at 9000 ϫ g for 30 min at 4ЊC. Following centrifugation, the supernatant was collected and frozen at Ϫ80ЊC until gelatin zymography. To evaluate MMP activity associated with the cellular pellet, high-calcium Tris buffer (50 mM Tris-HCl, 100 mM CaCl 2 , 0.15 M NaCl, pH 7.4) was used to dissociate active MMPs bound to substrate. Pellets were resuspended in the original volume used for homogenization. The suspension was heated at 60ЊC for 6 min and centrifuged at 27 000 ϫ g for 30 min at 4ЊC and frozen at Ϫ80ЊC until tested for gelatinolytic activity.
Generation of MMP cDNAs
Complementary DNA encoding ovine MMP-1 (363 base pairs [bp]), MMP-2 (743 bp), MMP-7 (321 bp), MMP-13 (404 bp), and MMP-14 (787 bp) were generated by the reverse transcription polymerase chain reaction (RT-PCR) using ovine luteal fibroblast RNA and primers corresponding to conserved sequences present in the reported nucleotide sequences for respective MMPs in other species. The ovine MMP PCR products were subsequently subcloned into a plasmid vector and subjected to fluorescent dye primer sequencing to confirm identity. The nucleotide sequence of the ovine MMP-1 cDNA (GenBank accession no. AF267156) was approximately 84% identical to the reported sequence of human MMP-1 [20] . The nucleotide sequence of the ovine MMP-2 cDNA (GenBank accession no. AF267159) was 89% and 86% identical to the reported sequences of human [21] and rat [22] MMP-2, respectively. The nucleotide sequence of the ovine MMP-7 cDNA (GenBank accession no. AF267158) was 82% identical to the reported sequence of human MMP-7 [23] . The nucleotide sequence of the ovine MMP-13 cDNA (GenBank accession no. AF267157) was approximately 89% and 85% identical to the reported sequences of human and mouse MMP-13 [24] , respectively. The nucleotide sequence of the ovine MMP-14 cDNA (GenBank accession no. AF267160) was 92% and 90% identical to the reported sequences of human [25] and rat [26] MMP-14, respectively.
A 402-bp cDNA encoding bovine MMP-9 was generated by RT-PCR using bovine luteal RNA and primers designed from the reported sequence of bovine MMP-9 [27] . After subcloning into a plasmid vector, identity of the bovine MMP-9 cDNA (corresponding to nucleotides 459-861 of the bovine MMP-9 cDNA) [27] was confirmed by fluorescent dye primer sequencing.
Plasmids containing human MMP-3 cDNA were generously donated by Dr. Hideaki Nagase (Kansas City Medical Center, Kansas City, KS).
Labeling of cDNA Probes
Radiolabeled probes (MMP-1, -2, -3, -7, -9, -13, and -14 and glyceraldehyde-3-phosphate dehydrogenase) were synthesized through PCR as described previously [28] . Components of the PCR mixture consisted of KlenTaq and P.F.U. polymerases, vector-specific primers, 20 M dATP, and 200 M each of deoxycytidine triphosphate (dCTP), deoxyguanidine triphosphate (dGTP), and deoxythymidine triphosphate (dTTP) with or without 100 Ci [␣-32 P]deoxyadenine triphosphate (dATP). Upon completion of PCR, cDNA was precipitated and resuspended in 100 l of water, which was subsequently added to the prehybridization buffer (Ambion). Reactions without radiolabel were subjected to electrophoresis in a 1% agarose gel to verify amplification of insert of proper size.
Northern Blot Analysis
Total RNA was extracted from CL (Tri-Reagent; Molecular Research Center, Cincinnati, OH). Approximately 5 g of RNA from pooled (n ϭ 5 ewes) Day 10 CL or millenium RNA molecular weight markers (Ambion) was electrophoresed in a 1% agarose gel and transferred to a nylon membrane. Hybridization to labeled MMP probes was carried out with a commercially available kit according to the manufacturer's instructions (BrightStar System; Ambion).
MMP RNA Quantification
Total RNA was extracted from CL (Tri-Reagent; Molecular Research Center) and transferred to a nylon membrane with a slot-blot apparatus (5 g/slot, Bio-Dot SF; Bio-Rad Laboratories, Hercules, CA). Hybridization and detection were carried out with a commercially available kit according to the manufacturer's instructions (BrightStar System; Ambion). Hybridization signal intensities were quantified by densitometry, and the target mRNA values were expressed relative to levels of glyceraldyde-3-phosphate mRNA for each sample.
Gelatin Substrate Zymography
To qualitatively identify the types and relative abundance of the gelatinases within luteal homogenates, gelatin substrate zymography was performed. Luteal homogenates from the different days of the estrous cycle were subjected to electrophoresis in 0.75-mm-thick 10% polyacrylamide gels containing 1 mg/ml porcine skin gelatin (175 bloom). Homogenates containing 600 g (based on wet weights) of luteal homogenates were mixed with equal volumes of Laemmli sample buffer lacking ␤-mercaptoethanol and were loaded onto the gel. After electrophoresis, SDS was eluted from the gels in 3 changes of 2% Triton X-100 for a total of 60 min at 37ЊC. Gels were incubated overnight at 37ЊC in substrate buffer (50 mM Tris-HCl, 5 mM CaCl 2 , pH 7.4) and subsequently stained with Coomasie Blue R250. Gelatin-degrading enzymes were qualitatively identified by their ability to digest gelatin, as demonstrated by clear zones of digested gelatin. Prestained molecular weight markers were used for molecular weight estimation of the bands resolved by gel zymography. Preincubation of homogenates with p-aminophenylmercuric acetate (APMA; 2 mM) was performed at 37ЊC for 2 h prior to gel electrophoresis. The addition of APMA causes formation of the active lower molecular weight form of MMPs [29] . Negative controls consisted of (12 mM) 1,10-phenanthroline (chelates Zn ϩϩ and Ca ϩϩ ) or addition of MMP inhibitor I (300 M; Calbiochem, La Jolla, CA) to substrate buffer prior to incubation.
MMP Activity Assay
Luteal homogenates from each ewe were represented in each of 4 groups. Group 1 consisted of no treatment (control), group 2 was treated with APMA, group 3 was treated with dithiothreitol and iodoacetamide, and group 4 was treated with a combination thereof. Prior to determination of enzymatic activity, luteal homogenates from groups 3 and 4 were reduced and alkylated to inactivate TIMPs [30] . Each supernatant was reduced with 2 mM dithiothreitol for 30 min at 37ЊC; followed by alkylation with 5 mM iodoacetamide for 30 min at 37ЊC as described previously [30] . The process of reduction and alkylation (RA) destroys TIMPs within the homogenates. To evaluate activation of proMMPs, APMA was added to luteal homogenates prior to substrate addition.
Detection of MMP activity with an EnzChek Gelatinase/Collagenase Assay Kit was conducted according to directions provided by the manufacturer (Molecular Probes). In a 96-well plate, 50 l of luteal extracts was added per well with 130 l of substrate buffer (50 mM Tris-HCl, 5 mM CaCl 2 , pH 7.4) and 20 l of fluorescein-labeled gelatin substrate (1 mg/ml). Samples were incubated for 24 h at 25ЊC in the absence of light. Samples were slowly shaken for 1 min and counted in a fluorometer. Negative controls consisted of 1,10-phenanthroline (12 mM), EDTA (20 M), synthetic MMP inhibitor (300 M), excess gelatin (10 mg/ml), or boiling samples for 5 min. Assays were optimized for time of incubation and quantity of homogenate. Gelatinolytic activity was linear over time and with increasing amount of homogenate.
In Situ Detection of Gelatinolytic Enzymes in CL
Luteal tissue was embedded in tissue freezing medium without fixation and stored at Ϫ80ЊC. Frozen sections (12 m) of luteal tissue were mounted on positively charged microscope slides and prewarmed (20ЊC) in substrate buffer (50 mM Tris-HCl, 5 mM CaCl 2 , pH 7.4) for 5 min prior to the addition of fluorescein-labeled gelatin substrate (EnzChek Gelatinase/ Collagenase Assay Kit; Molecular Probes). Fluorescent gelatin substrate (100 l of 0.03 mg/ml stock concentration) was added directly to tissue sections on individual slides. Slides were kept in a horizontal position, cover slipped, and incubated in a light-protected humidified chamber at 37ЊC for 1 h. Lysis of the substrate was assessed by examination under a fluorescent microscope. Controls consisted of 1,10-phenanthroline (5 mM), EDTA (50 mM), synthetic MMP inhibitor I (300 M), recombinant ovine TIMP-1 (10 M), excess unlabeled gelatin (10 mg/ml), and APMA (2 mM).
Statistics
Data were analyzed by general linear model ANOVA [31] , with day of the estrous cycle as the main effect. When the F-test was significant (P FIG. 1. Temporal expression of MMP-1,  -2, -3, -7, -13 , and -14 mRNA in ovine CL during PGF 2␣ -induced luteolysis. Northern analysis confirmed that MMP-1, -2, -3, -7, -13, and -14 were present in ovine luteal tissue and that ovine MMP transcripts were similar in size to those observed in other species (data not shown). Ͻ 0.05), differences among means were evaluated by the Duncan multiple range test (mRNA expression) or the Fisher test (MMP activity) [31] . When variances were different as determined by the Bartlett test of equality of variance, data were log transformed.
RESULTS
Expression of mRNAs Encoding MMP-1, -2, -3, -7, -13, and -14
Total cellular RNA was isolated from CL at 0, 15, 30 min or 1, 2, 4, 6, 12, 24, and 48 h post-PGF 2␣ administration (n ϭ 3-10 animals/time point). Northern analysis confirmed that MMP-1, -2, -3, -7, -13, and -14 mRNAs were present in ovine luteal tissues, and transcripts were similar in size to those observed in other species (data not shown). MMP-9 was not detected by this procedure. Subsequent slot blot analysis demonstrated that expression of mRNAs encoding MMP-1, -2, -3, -7, -13, and -14 was biphasic (Fig.  1) . Messenger RNA expression of all MMPs except MMP-2 increased (P Ͻ 0.05) by 15-30 min post-PGF 2␣ administration relative to 0-h controls. Expression of all MMPs was increased (P Ͻ 0.05) compared with control levels by 6 h. MMP-14 mRNA was increased (P Ͻ 0.05) by 15 min and remained elevated throughout all time points evaluated.
Gelatin Substrate Zymography
Luteal homogenates collected on Day 10 postestrus at 0, 15, and 30 min and 1, 2, 4, 6, 12, 24, and 48 h post-PGF 2␣ contained gelatinases (Fig. 2) . Gelatinolytic bands corresponding to M r 72 000 and 92 000 likely represent latent forms of MMP-2 and -9, respectively. Gelatinolytic activity at lower molecular weights are indicative of active and intermediate forms of MMP-2 or MMP-9. Addition of 1,10-phenanthroline (12 mM) or synthetic MMP inhibitors (300 M; Day 10 luteal homogenates) strongly inhibited gelatinolytic activity (data not shown). As expected, the addi- tion of APMA (2 mM; activates proMMPs) increased the amount of active enzyme (data not shown).
MMP Activity Assays
Treatments (APMA and RA) were applied to luteal homogenates to allow determination of endogenous MMP activity (control ϭ no treatment), endogenous plus activated MMP activities (APMA), MMP activity in the absence of TIMPs (RA), and endogenous plus activated MMP activities in the absence of TIMPs (APMA and RA). As expected, both APMA and RA increased MMP activity (P Ͻ 0.0001) relative to the control group, and the combination (APMA/RA) had an additive effect (P Ͻ 0.0001; Fig. 3 ; data pooled over time).
There was a significant increase in MMP activity (P Ͻ 0.05) after PGF 2␣ administration. Unexpectedly, endogenous luteal MMP activity (untreated group) decreased at 4 h (P Ͻ 0.05) relative to 0 h (Fig. 4A) . No changes were observed in MMP activity in the absence of TIMPs (RA group) at any time point (Fig. 4C) . However, APMA increased MMP activity (P Ͻ 0.05) as early as 15 min post-PGF 2␣ and gelatinolytic activity remained elevated throughout 48 h post-PGF 2␣ (Fig. 4B) . The combination of APMA and RA treatments increased gelatinolytic activity (P Ͻ 0.05) by 30 min post-PGF 2␣ relative to controls (Fig. 4D) . The increase in MMP activity was maintained throughout luteal regression. The gelatinolytic activities were presumed to be due primarily to MMPs, based on inhibition of fluorescence when homogenates were incubated with 1,10-phenanthroline, EDTA, synthetic MMP inhibitors, or subjected to heat denaturation (data not shown).
Localization of MMP Activity in Ovine CL
In situ detection of MMP activities demonstrated the presence of gelatinolytic enzymes that appeared to be primarily extracellular in location; however, some cytoplasmic and nuclear localization were visible. Luteal tissue from the control group (0 h) contained pericellular gelatinolytic activity associated with nearly all cells, including LLCs (Fig.  5A) . A noticeable increase in fluorescence was observed at 30 min post-PGF 2␣ (Fig. 5B) ; it was highest at 1 h (Fig. FIG. 5 . In situ zymographic analysis of frozen sections of ovine CL. Analysis of MMP activity in 0 h controls (A), 30 min (B), 1 h (C), and 6 h (D) post-PGF 2␣ administration reveals pericellular gelatinolytic activity. Intracellular fluorescence was also detected. Note increase in pericellular activity in CL collected 30 min, 1 h, and 6 h after administration of PGF 2␣ . Activity was markedly reduced following addition of synthetic MMP inhibitor (E), 1,10-phenanthroline, recombinant ovine TIMP-1, EDTA, or excess unlabeled gelatin (data not shown). Addition of APMA (F) increased gelatinolytic activity. 5C) and remained high through 48 h. Moreover, increased fluorescence appeared to be pericellular in origin. Addition of a synthetic MMP inhibitor I (Fig. 5E) , EDTA, 1,10-phenanthroline, and excess unlabeled gelatin all markedly decreased fluorescence. Addition of APMA increased gelatinolytic activity (Fig. 5F ).
DISCUSSION
In domestic ruminants, PGF 2␣ induces luteal regression, which is necessary to maintain ovarian cyclicity. Luteal regression is characterized by decreased progesterone secretion and structural involution of the gland. Structural regression requires extensive tissue remodeling and is essential for the ovary to maintain its proper size. Alteration of the MMP:TIMP ratio can have a profound effect on tissue remodeling [5, 6] . Ovine LLCs are the primary luteal source of PGF 2␣ receptors as well as a major source of MMPs [17] and TIMPs [14, 17] . If degradation of luteal ECM is an important component of the physiological response to PGF 2␣ , then it is logical that LLCs have a dual role of maintaining ECM homeostasis and being responsive to PGF 2␣ .
Results from the present study support the hypothesis that PGF 2␣ -induced luteolysis is accompanied by increased MMP expression and activity within ovine luteal tissue. We previously demonstrated a rapid decrease in luteal TIMP-1 concentration (including that of LLCs) following administration of a luteolytic dose of PGF 2␣ in sheep [17] . Consequently, PGF 2␣ -induced luteolysis may cause a rapid increase in the MMP:TIMP-1 ratio within luteal tissue. An increase in luteal MMP activity may be responsible for the loss of cell adhesion that has been reported in ovine CL during luteolysis [8] . An increase in MMP-2 expression has been reported in rat CL undergoing structural luteolysis [18] . In addition, in human granulosa lutein cells, treatment with hCG decreased MMP-2 and increased TIMP-1 production in vitro [32] . In nonhuman primates, luteolysis was accompanied by decreased TIMP-1 expression, and administration of hCG (luteal rescue) decreased luteal MMP-2 expression [33, 34] . Consequently, luteal rescue in humans and nonhuman primates may be associated with stabilization of ECM-luteal cell contacts via a decrease in the MMP: TIMP ratio. These data implicate the importance of the MMP:TIMP ratio in the involution of the gland.
There was a biphasic pattern of luteal MMP expression following PGF 2␣ administration. Expression of MMP-1, -3, -7, -13, and -14 but not MMP-2 increased within 15-30 min of PGF 2␣ injection, and all of the MMPs increased by 6 h post-PGF 2␣ . Although MMP-2 expression was not increased early after PGF 2␣ administration, there was an increase in MMP-14, which activates proMMP-2 [35, 36] . Gelatinolytic activity (APMA and APMA/RA groups) increased by 15 min and remained elevated through 48 h post-PGF 2␣ injection. We predicted that MMP activity would be increased in the control homogenates (endogenous MMP activity); however, the only groups in which MMP activity increased were the APMA and APMA/RA groups. The increase in MMP activity within the preceding luteal homogenates is most likely due to the production of latent forms of gelatinases (primarily proMMP-2 and proMMP-9). The lack of increased MMP activity within control and RA groups may not accurately represent MMP activity changes occurring during luteolysis because active enzymes and inhibitors are mixed within luteal homogenates. Therefore, to determine the in situ activity associated with luteolysis, we evaluated PGF 2␣ -treated CL with an in situ zymographic technique. Although MMP activity was not increased at any time within control or RA homogenates, in situ zymography detected increased MMP activity from intact luteal tissue by 30 min post-PGF 2␣ . The activity was highest at 1 h post-PGF 2␣ and remained high thereafter. This technique may be a valid new method for qualitative and quantitative analysis of MMP activity.
The rapid increase in MMP expression and activity may be associated with the decrease in luteal progesterone secretion and with structural regression. Dissociation of ovine CL with bacterial collagenase induced changes in the expression of PGF 2␣ receptor, LH receptor, low-density lipoprotein receptor, steroidogenic acute regulatory protein, and 3␤-hydroxy steroid dehydrogenase within ovine luteal cells. These changes were similar to those detected within luteal tissue following PGF 2␣ injection in vivo (G.D. Niswender, personal communication). These data suggest that increased ECM degradation is associated with biochemical changes that occur during luteolysis.
In other cells or tissues, MMP degradation of integrinmediated cell-ECM contacts preceded loss of cellular function and structural involution [4, 5] . The ECM supports maintenance of a differentiated phenotype. Disruption of the ECM leads to dedifferentiation and ultimately apoptosis and (or) involution of the gland [4] [5] [6] . Structural regression of the CL occurs by apoptosis [11] , and separation of cells from the ECM may be an important part of this process. Endothelial cells in ovine CL detach from the ECM [8] and undergo apoptosis during involution of the gland [9] . In the present study, MMP activity was localized to the pericellular region of various luteal cell types, and MMP activity (in situ) was increased by 30 min post-PGF 2␣ administration.
In mammary cells, an increase in ECM degradation was associated with increased interleukin-1␤-converting enzyme and apoptosis. Transgenic pregnant mice that overexpressed MMP-3 underwent premature involution of the mammary gland as a result of apoptosis [5, 6] . Conversely, crosses of these mice with transgenic mice that overexpressed TIMP-1 resulted in mice with normal mammary gland involution [6] . These data indicate that alterations in the MMP:TIMP ratio can have a profound effect on timing of mammary gland involution. Similar mechanisms may act on luteal tissue at the time of luteolysis.
MMPs may promote apoptosis through mechanisms other than anoikis (apoptosis caused by loss of cell anchorage). MMPs have been implicated in cleaving membrane-bound cytokines, including tumor necrosis factor ␣ (TNF␣) [37] and FasL [38, 39] . MMPs also can cleave plasminogen, forming the potent antiangiogenesis factor angiostatin [40, 41] , which may aid in the demise of CL. Increasing the solubility of the proapoptotic agents may facilitate luteolysis in sheep. This assumption is supported by the fact that addition of TNF␣ to porcine luteal cell cultures decreased progesterone and increased MMP secretion [42] .
In addition to promoting ECM degradation, certain MMPs have additional functions. MMP-2 cleaves fibroblast growth factor (FGF) receptors [43] , and FGF-2 increases progesterone production in luteal cell culture [44] . The proliferative capabilities of FGFs have also been demonstrated in CL of a variety of species, including sheep [45, 46] . FGF-2 is antiapoptotic [47] and promotes a differentiated phenotype [48] . Therefore, the functionality of FGFs may be compromised through MMP-dependent inactivation of FGF receptors. Decreased proliferation, dedifferentiation, and progesterone production and increased apoptosis are all hallmarks of luteolysis.
The ECM is a key regulator of both induction and maintenance of a differentiated phenotype. Increased ECM degradation leads to dedifferentiation and ultimately apoptosis [4] . Our results support the hypothesis that administration of PGF 2␣ to sheep increases luteal MMP expression and activity. Increased MMP activity, and possibly ECM degradation, precedes the decrease in progesterone, thereby leaving open the possibility that MMPs have a role in functional and structural regression. Elevated MMP activity was sustained throughout luteolysis (48 h) and likely helps facilitate structural changes associated with CL.
